There is increasing evidence that autocrine-and paracrineacting growth factors participate in cell and tissue development, maintenance, and renewal. Recent advanm in histochemical techniques have facilitated the localization of growth factor messenger RNAs or polypeptides in tissue sections. However, the spatial relationships between the sites of growth factor transcription, translation, and post-translational processing to functional bioactive peptides have been difficult to correlate because each method of detection requires separate tissue sections. We undertook the simultaneous detection of epidermal growth factor (EGF) transcripts and EGF epitopes by combining immunohistochemistry methods with in situ hybridization. Adult mouse submandibular gland was chosen as a representative model because it contains sites of EGF biosynthesis which may participate ~~ ~~ ~~ ~~~~ '
Introduction
Experimental evidence is accumulating that growth factors participate in the transduction of signals that regulate tissue morphogenesis, cell proliferation, and differentiation, and in pathological processes such as neoplasia (1). Exogenous administration of one peptide factor, epidermal growth factor (EGF), has been shown to influence cell mitosis, differentiation, and tissue morphogenesis in various in vivo and in vitro biological models (for reviews see 2-4). However, cellular responses to exogenous sources of EGF may be controlled by the local environment, including interactions with other cells. For example, EGF stimulates proliferation of peripheral wool follicle epithelial cells but inhibits mitosis of bulb cells ( 5 ) . Similarly, EGF added to cultures of dental explants stimulates proliferation of enamel organ epithelium, inhibits proliferation of dental mesenchyme, but stimulates mitotic activity in mesenchymal cells dissociated from adjacent cells (6).
Exogenously administered, overabundant EGF demonstrates several interesting biological effects on cells and tissues (2-6); how-in mediating the development, maintenance, and renewal of the organ through autocrine or paracrine mechanism(s). Granular duct (GD) cells demonstrated the presence of both EGF transcripts and EGF peptides. In contrast, the intentitial cells lying adjacmt to glandular epithelium also contained relatively high levels of EGF transcripts, although no mature EGF peptides were detected. The experimental approach of co-localization and the resulting data indicate previously unreported sites of EGF transcription in glandular interstitial cells, which may provide molecular information r q u i m l for the morphogenesis and differentiation of adjacent glandular epithelium. ( J Hisrochem Cgrochem 38:2853-2857, 2990) KEY WORDS: Immunohistochemistry; In situ hybridization: EGF transcripts: EGF peptides: Mouse submandibular gland. ever, it is difficult to ascertain whether these effects represent physiological functions for EGF. EGF transcription and EGF precursor peptides have been separately identified in subpopulations of epithelial and mesenchymal-derived cells in embryonic mouse molar and lung rudiments, suggesting that EGF may have paracrine or autocrine functions in epithelial-mesenchymal interactions pursuant to organogenesis (7). In addition, the mature 5 3 amino-acid EGF peptide is cleaved from a 1217 amino-acid precursor which has a potential transmembrane domain, as well as eight domains with sequence homology to mature EGF (8.9). It has been suggested that precursor forms of EGF are expressed on particular cell surfaces and act as receptors or effector molecules during interactions with adjacent cells (9-11). Indeed, there is evidence that EGF precursors may be differentially processed in certain adult tissues, and it has been speculated that the EGF precursor is expressed on the cell surface of kidney tubule cells (9.10). In the case of the EGF homologue, transforming growth factor alpha (TGF-a), a membrane-bound form of the peptide, has been shown to transduce signals to EGF receptors on adjacent cells (12,13).
The spatial and temporal relationships between the sites of growth factor transcription, translation, and post-translational processing must be elucidated to understand functional roles for relatively low-abundance growth factors. Previous studies have localized growth factor transcripts and peptides on serial tissue sections (7,14.15), but iris difficult from the data to identify a relationship between the sites of growth factor transcription, translation, and post-translational processing. Therefore, we initiated experiments to co-localize EGF transcripts and mature EGF peptides in the same tissue section utilizing combined immunohistochemistry and in situ hybridization. The mammalian submandibular gland is an excellent model to investigate the role of growth factors in regulating glandular epithelial morphogenesis and ddferentiation (16) because its constituent cells synthesize both EGF and EGF receptors, thus suggesting regulatory functions for EGF in the renewal or maintenance of glandular epithelium (3,17). This article reports a method for the co-localization of growth factor transcripts of relatively low abundance and their encoded peptides in tissue sections, and identifies a previously unreported site for EGF transcription in adult mouse submandibular gland.
Materials and Methods
Reagents. Unless otherwise noted. all reagents and antisera were reagent grade and were obtained from Sigma Chemical CO (St Louis. MO).
Tissue Preparation. Adult male 15.week postnatal Swiss-Webster mice were sacrificed by cervical dislocation; the submandibular glands were removed and immediately fixed in ice-cold 1% glutaraldehyde in standard PBS. The tissues were subsequently dehydrated in alcohol, embedded in paraffin, sectioned at 5 pm, and mounted on acid-washed poly-~-lysinecoated glass slides (7).
Immunohistochemistry. lmmunohistochcmistry was performed by a modification of the procedure described by Shivers et al. (18) . using the biotin-strepavidin-horseradish peroxidase reagents and protocol from Zymed Laboratories (South San Francisco. CA). All glassware was washed. rinsed with distilled, de-ionized water. and autoclaved before use. Gloves were worn when handling the glassware and slides to prevent RNAse contamination of the tissue sections. Diethylpyrocarbonatc (DEPC. 0.04%) and human placental RNAsc inhibitor (180 Ulml RNAsin; Promega, Madison, WI) were added to all antibody and chromogenic substrate solutions to inhibit RNAse degradation of transcript targets. PBS wash solutions were treated with DEPC and autoclaved.
The tissue sections were deparaffinizcd. rehydrated. and endogenous peroxidase activity was blocked by incubation in 3% H202 in methyl alcohol for 10 min at rwm temperature, The xctions were washed three times in DEPC-treated PBS (DEPC-PBS) for 2 min each and incubated with 10% non-immune goat xrum for 10 min at rwm temperature. The non-immune serum was drained and a 1:1500 dilution of rabbit anti-mouse EGF (Sigma; developed by using the mature. 53 amino-acid form of mouse submandibular gland EGF as immunogen) was added to each xction and incubated for 1 hr at 37'C. Adjacent sections were incubated with non-immune rabbit serum to serve as controls. The slides were washed with DEPC-PBS, and biotinylated goat anti-rabbit antiserum was applied to each section and incubated for 10 min at room temperature. After washing with DEPC-PBS, the sections were incubated for 5 min at room temperature with the strepavidin-peroxidase conjugate solution. The sections were again washed with DEPC-PBS and the antigen-antibody complexes were visualized by incubation with 3-amino-9-ethylcarbuole (AEC) substrate solution for 5-10 min. The reactions were stopped by washing in DEPC-PBS, and the slides were allowed to air-dry.
Preparation of Oligodeoxyribonudeotde Probes. Oligodeoxyribonuclcotide probes corresponding to the sense and anti-sense orientations of EGF precursor nucleotide residues 3565-3600 were synthesized as previously described (7). The nucleotide region chosen for probe construction is dissimilar to the EGF coding region, the EGF-like repeats of the EGF precursor, and any other xqucnce contained within the Genbank sequence data base (Bolt,
Bcranek and Newman Laboratories. Cambridge, MA; release 58). Purified oligcdexoynucleotide probes were 3"Id labeled using deoxynucleotide terminal transferase (Oligonucleotide 3' end Labeling System; DupontlNew England Nuclear. Boston, MA) and adenine [ 5'-alpha-3'S]-triphosphate nucleotides (1225 Ci/mmol; New England Nuclear) according to standard procedures (19) . The resulting radiolabeled probes had specific activities of 1-2 x lo9 cpmlpg, and wcrc purified from unincorporated radiolabeled nucleotides using hydrophobic column chromatography (Nensorb columns; New England Nuclear).
In Situ Hybridization and Autoradiography. A previous protocol (7) for in situ hybridization was used with slight modifications required to p nserve immunohistochemical targets. Tissue sections previously subjected to immunohistochemical detection, as well as untreated control sections, were selected for hybridization. The tissue sections were incubated for 16 hr at 37'C in humidified petri dishes with a hybridization buffer (HB) consisting of 50% formamide, 20 mM sodium phosphate buffer, pH 7.6, 0.5 M sodium chloride, 0.02% Ficoll, 0.02% polyvinylpyrrolidone. 0.02% bovine serum albumin (Fraction V), 100 mM DTT. 10% dextran sulfate, 100 pglml salmon sperm DNA, 1 mg/ml yeast RNA. The HB was removed, and 50 pl of HB containing 20 ng/ml radiolabeled oligodeoxynucleotide probe was added to each section and incubatedfor 24 hr at 37'C in humidified petri dishes. Control sections consisted of adjacent tissue sections incubated with radiolabeled sense probe. After hybridization, stringent washes were achieved by washing the sections in 4 x SSC (600 mM sodium chloride. 60 mM sodium citrate), 2 x SSC. 1 x SSC, 0.5 x SSC at room temperature for 1 hr each. followed by two 30-min washes at 55'C in 0.5 x SSC and a 1-hr wash at room temperature in 0.5 x SSC. The slides were allowed to air-dry, dipped in NBT-2 nuclear track emulsion (Kodak;
Rochester, NY), and exposed at 4'C for 5-7 days in scaled, desiccated boxes.
The emulsion was developed with D-19 developer (Kodak) and the sections were lightly counterstained with hematoxylin. Photographic records were made using bright-and darkfield illuminations.
Signal Quantitation. Computer-assisted grain quantitation was accomplished on video-recorded images of the tissue sections through a video camera mounted on an Olympus BHZ microscope. Randomly chosen crosssections of granular ducts were sampled from slides subjected to (a) in situ hybridization alone or (b) combined immunohistochemistry and in situ hybridization in which the solutions were treated either with DEPC alone or with DEPC and RNAsin. Because serial sections were mounted on the slides, adjacent ductal areas were analyzed on each slide and four or five cross-sectional areas were tested from each slide. The video images were inputted to a Technology Resources Image Analysis System (Technology Resources; Nashville, TN) to determine silver grain counts and area analyzed.
Results
As previously shown (7), sections hybridized with the anti-sense EGF oligodeoxynucleotide probe demonstrated signals almost exclusively over the granular duct cells, whereas hybridization with the sense oligodeoxynucleotide probe showed only background levels of signal over the glandular cells. As expected on the basis of previous studies (20), immunohistochemical signals were confined t o granular duct cells.
The data obtained using combined immunohistochemistry and in situ hybridization to co-localize EGF transcripts and mature EGF peptides in adult mouse submandibular glands were consistent with previous studies utilizing only one of these techniques (15,20) . Granular duct cells demonstrated relatively high levels of EGF transcripts and mature EGF peptides (Figure 1A) . However, scattered throughout the sections were cells located between gland duct and . acinar epithelial cells that reproducibly showed relatively high Ievels of EGF transcripts (Figures 2A and 2B) . although no immunohistochemical signals were localized to these cells (Figures 1B and Consistent with a previous study, almost complete loss of hybridization signals occurred when RNAsc inhibitors were not used (18) . Therefore, in this study all immunohistochemical solutions for co-localization were treated with RNAse inhibitors. Computerassisted grain counting indicated the benefit of RNAse inhibitors for retention of mRNA targets during co-localization (Table 1) . Samples consisted of tissue sections that were: (a) hybridized with antisense probe without prior immunolocalization; (b) co-localized using immunological solutions treated with DEPC alone; or (c) COlocalized using immunological solutions treated with both DEPC and RNAsin. Cross-sections of granular ducts with approximately IC). the same total area were analyzed for quantity of grain counts. As expected, the relative quantity of signal was highest for sections subjected to in situ hybridization alone (19.6 grainsllO0 pm2). There was a reduction of 6.9 grainsl100 pm2 in the relative quantity of hybridization signals for sections subjected to co-localization utilizing DEPC-treated solutions, whereas the relative quantity of hybridization signals was reduced only 2.3 grainslloo pm2 for sections subjected to co-localization utilizing both DEPC-and RNAsintreated solutions.
Discussion
There are relatively few reports in the literature concerning colocalization of proteins and nucleic acids on tissue sections using combined immunohistochemistry and in situ hybridization Labeled interstitial cells ( a r m ) are scattered throughout the section. A labeled granular duct can be seen in the lower left corner (asterisks). The luminescence of the glandular acini under darkfield is not a positive signal but is probably due to secretory granules in the acinar cells. Lightly counterstained with hematoxylin. Bar -50 pm. (18.21-25) . Moreover, previous studies were largely confined to the demonstration of viral or other relatively abundant gene transcripts and peptides. The methods described herein have significant advantages over a previously reported technique (18). First, we omitted the use of frozen sections and 3% paraformaldehyde fixation. In our experience, fixation of tissues in a 1% glutaraldehyde solution with paraffin embedding has provided reliable retention of mRNA targets as well as excellent preservation of cell and tissue architecture. Second, the use of 3,3'-diaminobenzidine as the immunoperoxidase substrate renders a dark-brown deposit which proves difficult to distinguish from the hybridization signals. The present use of AEC as the substrate for the immunoperoxidase reaction yields a red deposit which was easily distinguished from the silver grains of hybridization autoradiography (see Figure 1A ). How- ever, such sections cannot be treated with alcohol after the substrate reaction because the AEC product is soluble in alcohol. Third. the use of DEPC and RNAsin with all immunological reagents resulted in better retention of hybridization signal than the use of DEPC alone. This increase in sensitivity may prove important when low-abundance targets are to be detected. Finally. the application of synthetic oligonucleotides labeled with [ 35S]-nucleotides yields three significant advantages compared to conventional approaches. (a) A higher specific activity probe is obtained than when tritium-labeled probes (loQ cpmlpg vs 10' cpmlpg) are used, and because 'ss produces a higher-energy decay particle than tritium, overall sensitivity of the in situ hybridization assay is improved. (b) Oligonucleotides permit greater specificity than cDNA or cRNA probes in that redundant or conserved nucleotide sequences can be avoided during probe design and synthesis. (c) Anti-peptide antibodies corresponding to the oligonucleotide probe sequence can be created, thus allowing confirmation of transcription and translation of domains of a gene sequence. The resulting data indicate the feasibility of using a highly sensitive technique of combined immunohistochemistry and in situ hybridization to detect relatively low-abundance growth factor gene products. Previous studies have localized EGF transcripts or peptides in adult mouse submandibular gland duct cells and have concluded that EGF is primarily synthesized by these cells for exocrine secretion (14, 15) . Our results substantiate the transcription of the EGF gene and the presence of mature EGF peptides in the granular duct cells of the adult mouse submandibular gland. Previously unreported was the observation of EGF precursor transcripts in cells located between submandibular gland ducts and acini. The absence of mature EGF peptides in these cells suggests several possible interpretations; among these are that the EGF precursor transcripts are not translated. or that the density of the translation products is below detectable levels. Alternatively. the EGF precursor transcripts may be translated to EGF precursor peptides that are post-translationally processed in a different manner than EGF peptides in GD cells, and thus do not contain epitopes recognized by the antibodies to mature EGF. It is possible that differentially processed EGF peptides provide signals for regulating morphogenesis and differentiation of adjacent epithelial cells during tissue renewal. The structure of the EGF precursor, its differential posttranslational modification in adult tissues, and its homology to transmembrane proteins with known signaling functions (8-13) suggest that EGF precursor peptides are expressed on the cell surface and participate in the transduction of signals. However, the translation of interstitial cell transcripts to EGF peptides, the biological functions of these peptides, and the phenotype of the interstitial cells await future analysis.
A reliable method for the co-localization of growth factor gene products expressed at relatively low levels is presented, and the previously unreported transcription of EGF by interstitial cells in the adult male mouse submandibular gland is described. Experiments are currently under way to determine whether the interstitial cells are of the macrophage/monocyte lineage. The technique described herein should facilitate the co-localization of many gene products, including other growth factors and perhaps certain oncogenes, in tissues and organs during development, maintenance, regeneration, and pathological events such as neoplasia.
